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ABSTRACT  
The inner surfaces of microtubes may be influenced strongly by the process of making them 
due to manufacturing difficulties at these scales compared to larger ones, e.g. the surface 
characteristics of a seamless cold drawn tube may differ from those of a welded tube. 
Accordingly, flow boiling heat transfer characteristics may vary. In addition, there is no 
common agreement between researchers on the criteria of selecting tubes for flow boiling 
experiments. Instead, tubes are usually ordered from commercial suppliers, in many cases 
without taking into consideration the manufacturing method and its effect on the heat transfer 
process. This may explain some of the discrepancies in heat transfer characteristics which 
are found in the open literature. This paper presents a comparison between experimental 
flow boiling heat transfer results obtained using two different metallic tubes. The first one is 
a seamless cold drawn stainless steel tube of 1.1 mm inner diameter while the second is a 
welded stainless steel tube of 1.16 mm inner diameter. Both tubes have a heated length of 150 
mm and the flow direction is vertically upwards. The tubes were heated using DC current. 
Other experimental conditions include: 8 bar system pressure, 300 kg/m
2
 s mass flux, about 
5K inlet sub-cooling and up to 0.9 exit quality. The results are presented in the form of local 
heat transfer coefficient versus local quality and axial distance. Also, the boiling curves of 
the two tubes are discussed. The results show a significant effect of tube inner surface 
morphology  on the heat transfer characteristics. 
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1. INTRODUCTION
Recently, more research was devoted to investigate flow boiling characteristics in micro-
channels. This was motivated by the urgent need for micro-evaporators that are required for 
cooling high and ultra-high heat flux systems such as supercomputers, data centres and power 
electronics devices. Additionally, these micro-evaporators are expected to reduce refrigerant 
charge and also improve the COP if they are incorporated into vapour compression 
refrigeration systems as discussed by Qi et al. [1]. Therefore, micro-evaporators can 
indirectly contribute to energy savings and consequently reducing green house gases. 
Unfortunately, there is no common agreement between researchers on the correlations that 
are required for the proper design of these micro-evaporators. This arises from the lack of 
understanding the flow boiling fundamentals at micro-scale level. Moreover, there is a 
discrepancy in the open literature on the dominant flow boiling heat transfer mechanisms and 
the behaviour of the local heat transfer coefficient as addressed by authors [2 – 5]. For 
example, a group of researchers such as [6 – 11] concluded nucleate boiling as a dominant 
mechanism while [12 – 14] concluded convective boiling as a prevailing mechanism. 
Another group such as [15 – 19] concluded both nucleate and convective boiling 
mechanisms. However, the reasons behind this discrepancy are not yet understood; one 
possible reason could be the occurrence of stable versus unstable boiling as found by 
Consolini and Thome [20] and Ohta et al. [21]. During unstable boiling, the heat transfer 
coefficient was found to be independent of local vapour quality while during stable boiling 
the heat transfer coefficient was found to increase with quality in the high quality region. 
Another possible reason could be the inner surface characteristics of the investigated channels 
that may influence the behaviour of the nucleation process. It is well known that surface 
characteristics strongly influence nucleation in pool boiling and consequently heat transfer 
performance. For example, Saiz Jabardo et al. [22] recently reported a significant effect of 
boiling surface material and roughness on nucleate pool boiling heat transfer of R134a and 
R123. Of the examined materials, the stainless steel surface was found to have the worst 
thermal performance compared to copper and brass due to its lowest ductility that influences 
its surface finish. Since the key principles of nucleation in flow boiling are originally 
“borrowed” from pool boiling, the present authors expected that flow boiling heat transfer 
characteristics will be influenced strongly by the microstructure of the inner surface of the 
channel. In addition to that, the number of nucleation sites in micro-tubes compared to large 
diameter tubes may represent another avenue in explaining the disparity in the published heat 
transfer results. In other words, the small number of nucleation sites in microtubes, compared 
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to larger tubes, makes the differences in surface characteristics even more important. 
Therefore, specifying the manufacturing process and inner surface characteristics is very 
important in flow boiling studies where it may contribute in interpreting the wide scatter in 
the published flow boiling heat transfer data at micro-scale.        
 Some researchers such as [20] and [23 – 27] investigated flow boiling heat transfer of 
R134a in single micro-tubes made of stainless steel with inner diameters of about 0.5 and 1 
mm. They did not report any information about the manufacturing process of the investigated 
tubes except the experimental study by the current research group [25] and [26] who used 
seamless cold drawn stainless steel tubes. Kandlikar and Spiesman [28] investigated the 
effect of surface finish on flow boiling heat transfer of sub-cooled water in a channel of 3 × 
40 mm cross section. The channel was horizontal with a rod heater inserted vertically such 
that the top surface of the heater formed the bottom surface of the channel. Four rod heaters 
of 10 mm diameter made of aluminium with different surface characteristics were 
investigated. They have found that, the variations of surface roughness from 0.188 to 3.064 
µm significantly affected the measured wall superheat and consequently the heat transfer 
coefficient. The rougher the surface, the lower the wall superheat (the higher the heat transfer 
coefficient). Figure 1 shows the trends of the local heat transfer coefficient versus local 
vapour quality that were measured by researchers [20] and [23 – 27] using stainless steel 
tubes of diameters ranging from 0.5 to 1 mm and R134a as a test fluid. Owhaib et al. [23], 
Martin-Callizo et al. [24], Shiferaw et al. [25] and Mahmoud et al. [26] investigated flow 
boiling heat transfer in vertical tubes made of grade AISI 316 while Consolini and Thome 
[20] and Ong and Thome [27] investigated horizontal tubes made of grade AISI 304. These 
researchers agreed on the effect of heat flux in the low to intermediate quality region where 
they found that the heat transfer coefficient increases strongly with increasing heat flux with 
little dependence on vapour quality. Conventionally, this can be interpreted as a dominance 
of nucleate boiling. However, Fig, 1 shows that there is no complete agreement on the trends 
of the local heat transfer coefficient at different heat fluxes. For the 1 mm tube at low heat 
flux values, it is clear that different trends were obtained by Owhaib et al. [23] (Fig. 1a), Ong 
and Thome [27] (Fig. 1b) and Shiferaw et al. [25] (Fig. 1c). In Fig. 1a, the heat transfer 
coefficient rapidly decreased from its maximum value at quality of about zero and 
subsequently showed a slight decreasing behaviour with increasing quality. While in Fig. 1b 
and 1c, the heat transfer coefficient showed an increasing trend with quality towards the tube 
exit. Another difference was the occurrence of dryout, which occurred at low heat flux in Fig. 
1a (34 kW/m
2
), delayed to higher heat flux value of 53 kW/m
2
 in Fig. 1c and no dryout was 
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observed in Fig. 1b for x ≤ 0.7. The variations in dryout heat flux may be arising from the 
small differences in the heated lengths investigated in theses studies. Inspecting the trends in 
the 0.5 mm tubes, similar conclusion can be drawn where three different trends from three 
different studies were observed. In the study of Martin-Callizo et al. [24] (Fig. 1d), the heat 
transfer coefficient showed a fluctuating trend with local quality and dryout occurred at high 
heat fluxes while in the study of Consolini and Thome [20] (Fig. 1e) the heat transfer 
coefficient increased slightly with quality towards the tube exit before it decreases at the last 
thermocouple location. Contrary to that, Mahmoud et al. [26] (Fig. 1f) found that the heat 
transfer coefficient decreases from its highest value at quality of about zero and remains 
constant over a narrow range of local qualities then all the lines merged together into one 
curve showing increasing trend with increasing vapour quality.  
It is known that stainless steel tubes are commercially available in two forms; 
seamless cold drawn and welded tubes. Seamless tubes are usually manufactured by hot 
extrusion and drawn processes while welded tubes are fabricated from a strip that is rolled to 
the required size then welded. As mentioned above, there is no agreement between research 
groups on the criteria of tube selection for testing and the manufacturing process is usually 
not considered when ordering tubes from suppliers. For instance, Qi et al. [29] investigated 
flow boiling of liquid nitrogen in stainless steel micro-tubes that are used to fabricate medical 
injection needles and the current research group ordered tubes from one of the cryogenics 
companies. This paper focuses on the flow boiling heat transfer characteristics of tubes 
manufactured by using two different processes, with the objective of identifying and 
detecting any differences in the performance.  
2. EXPERIMENTAL FACILITY AND DATA REDUCTION 
An experimental facility was designed and constructed to investigate flow boiling 
characteristics using a wide range of tube diameters. The detailed description of the test rig 
can be found in Huo et al. [30]. In the tests described in this paper, two stainless steel tubes 
manufactured by two different methods were investigated. The first is a seamless cold drawn 
tube and made of stainless steel AISI316 with inner diameter of 1.1 mm. The second is 
welded tube and made of stainless steel AISI304 with inner diameter of 1.16 mm. The details 
of the test section are shown schematically in Fig. 2. Each test section consists of an adiabatic 
calming section with length of 150 mm, heated section with length of 150 mm and a 
borosilicate visualization section with length of 100 mm and same inner diameter as the 
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investigated tube. After the visualization section, another adiabatic calming section of 100 
mm length and 1.1 mm diameter was added to avoid the effect of sudden area enlargement on 
the observed flow patterns at the upstream location. The heated section was directly heated 
by passing a DC current through two copper electrodes that were welded at the inlet and 
outlet. The supplied power was directly measured between the test section electrodes using a 
Yokogawa power meter WT110 with accuracy provided by the manufacturer, ± 0.29 %. This 
is to exclude the voltage drop across the connections between the power supply and the test 
section electrodes. The heated section was electrically isolated from the other parts of the 
system by using a short piece of PTFE tube as shown in Fig. 2. The PTFE tube connections 
were tightened by clips. The outer surface temperature was locally measured by K-type 
thermocouples (T1 to Tn on Fig. 2) with mean absolute error of ± 0.22K attached at 10 mm 
intervals. In the welded tube, fourteen thermocouples were attached to the surface with the 
first and last thermocouples attached 10 mm away from the electrodes. Thirteen 
thermocouples were attached on the surface of the seamless cold drawn tube with mean 
absolute error of ± 0.18K and the first and last thermocouples were attached 15 mm away 
from the electrodes. The first and last thermocouples were located away from the electrodes 
to avoid the effect of heat losses at the electrodes. All thermocouples were attached to the 
surface by using an electrically insulating but thermally conducting epoxy. Fluid temperature 
and pressure were measured at the test section inlet and outlet using T-type thermocouples 
with accuracy of ± 0.1K and pressure transducers with accuracy of ± 0.32 % respectively. 
The pressure drop was directly measured between the test section inlet and outlet using a 
differential pressure transducer (PX771A-025DI supplied by Omega) with accuracy of ± 0.1 
%. It is worth noting that, there are no flow restrictions at the test section inlet and outlet. A 
Phantom V4 digital high speed camera with 1000 frame/s and resolution of 512 × 512 pixels 
was used for flow visualization. The data were monitored through a Labview program at a 
frequency of 1Hz using three data loggers: Solartron model SI35951E (two) and SI35351C. 
All the data were recorded for 90 sec after attaining steady state and the sample of the 90 data 
points was averaged and used in the calculations. Steady states are conditions to be reached 
when the signals reach their minimum values of oscillations. Figure 3 depicts one example 
for the oscillations in the mass flow rate and wall temperature as a function of heat flux at 6 
bar system pressure and 300 kg/m
2
 s mass flux. At zero heat flux, the oscillations in the mass 
flow rate and wall temperature were 3.97 % and 0.35 % of the mean value, respectively 
which are very small and confirm that the facility has reached steady state. At heat flux value 
just before the occurrence of dryout (q = 97 kW/m
2
), the oscillations in the mass flow rate 
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and wall temperature slightly increased to 5.5 % and 0.63 %, respectively. In other words, the 
experimental data in the present study are collected under steady state conditions.      
As the flow is hydrodynamically developed in the calming section and there are no inlet 
or outlet restrictions, the classical equation of fully developed flow can directly be applied to 
calculate the single phase fanning friction factor as: 
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The heat loss Qloss in boiling experiments was estimated from single phase runs which 
were carried out just before boiling. The local inner surface temperature of the tube wall can 
be calculated by solving the steady one dimensional heat conduction equation with internal 
heat generation and is given by Eq. (3). From an energy balance the local fluid temperature 
can be calculated from Eq. (4). 
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The local single phase heat transfer coefficient was calculated from Eq. (5) and the local 
Nu number is given by Eq. (6). 
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 The average Nu number is the integral with distance of Nu(z). In two phase flow, the 
local flow boiling heat transfer coefficient was calculated from: 
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The local saturation temperature is calculated from the local pressure with the assumption 
that the two phase pressure drop along the tube is linear. As the flow enters the test section 
under sub-cooled conditions and the tube length is relatively short, the length of the sub-
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cooled section should be taken into consideration. From an energy balance, the sub-cooled 
length can be found by iteration using Eqs. (8) – (10). 
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where ΔPm is the total pressure drop measured across the test section. The local vapour 
quality can be calculated as: 
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The local enthalpy of saturated liquid and the local latent heat are calculated based on the 
local pressure given by Eq. (12). The local enthalpy at position z can be calculated from an 
energy balance up to this position as: 
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All instruments except the two Yokogawa power meters were calibrated in-house and the 
accuracies were given above. Experimental uncertainties were then calculated based on the 
method given in Coleman and Steele [31] and estimated as: 14.5 % for the single phase 
friction factor, 7 % for the single phase heat transfer coefficient, and 6 % for the local flow 
boiling heat transfer coefficient. Single phase validation was conducted using the two test 
tubes before commencing the boiling experiments. Figure 4 depicts the measured single 
phase friction factor and heat transfer coefficient compared to the conventional macro-scale 
theory. It is clear from the figure that the measured friction factor in the two tubes is in a 
good agreement with the laminar flow theory and Blasius’s equation [32]. The single phase 
heat transfer coefficient in the laminar region for the two tubes agreed reasonably with the 
correlation of Shah and London [33] for hydrodynamically developed/thermally developing 
flow. In the turbulent region, the heat transfer coefficient for the welded tube agreed with 
Dittus and Boelter’s equation [34] and with Petukhov’s equation [35] up to Re = ~ 5000. 
After this value, the measured coefficient is higher than the predicted values and the 
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deviation increases as Reynolds number increases. This could be due to the presence of local 
anomalies in the surface of this tube as will be discussed latter. This anomaly may create 
additional local turbulence and thus may result in heat transfer enhancement when the 
Reynolds number increases. The agreement of the experimental results of the cold drawn tube 
was very good, with the results being only marginally lower than those predicted by the 
equations of Dituus and Boelter [34] and Petukhov [35].    
3. RESULTS   
In this section, the experimental flow boiling heat transfer results obtained using welded and 
seamless cold drawn stainless steel tubes of similar diameter and heated lengths will be 
presented and discussed. Other experimental conditions include: G = 300 kg/m
2
 s, P = 8 bar, 
q = 13 – 102 kW/m2, exit quality up to 0.9 and ΔTsub = 5 K. Section 3.1 presents the effect of 
heat and mass flux on the behaviour of the local flow boiling heat transfer coefficient while 
section 3.2 presents the measured boiling curves.       
3.1 Flow Boiling Heat Transfer Coefficient  
Figure 5 depicts the effect of heat flux on the local flow boiling heat transfer coefficient for 
the welded tube as a function of local vapour quality (Fig. 5a) and axial distance (Fig. 5b). It 
is clear from this figure that, the heat transfer coefficient shows a peculiar behaviour that was 
not observed before. The α-x plot (Fig. 5a), shows for most heat fluxes that after 
thermocouple location No. 4 the heat transfer coefficient decreases rapidly to a minimum 
value at thermocouple location No. 8 with approximately similar slope. After this minimum, 
the heat transfer coefficient increases rapidly with quality before it decreases again at the last 
thermocouple location. In the entry region, the heat transfer coefficient jumped from the 
single phase value and peaked at a value of quality near zero due to the onset of boiling. It is 
worth noting that, the observed drop at the last thermocouple location seems to be due to 
factors other than normal dryout because this behaviour was observed even at the lowest heat 
fluxes where the quality is very low for dryout to occur (see Fig. 5a). Additionally, the effect 
of heat flux is not clear from the α-x plot where at some quality values (intermediate 
qualities) the coefficient decreases with increasing heat flux while at very low qualities it 
increases with heat flux for some heat flux values. In other words, the heat flux effect seems 
difficult to detect in this plot. However, re-plotting the heat transfer coefficient versus the 
axial thermocouple location (Fig. 5b) instead of vapour quality demonstrated some minimal 
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effect of heat flux but for some regions all the lines approximately merged together ( z = 0.04 
– 0.06 m and z > 0.12 m).  
 
Figure 6 shows the effect of heat flux on the local heat transfer coefficient in the 
seamless cold drawn tube. It is seen from this figure that the behaviour of the heat transfer 
behaviour is completely different compared to that obtained using the welded tube. It is seen 
from Fig. 6a that the heat transfer coefficient jumps from its single phase value and peaks at 
quality values very close to zero then it remains approximately constant with local quality. 
Contrary to Fig. 5, the effect of heat flux is very clear from both the α-x and α-z plots where 
the heat transfer coefficient increases with increasing heat flux. Since the heat flux effect is 
not clear in Fig. 5 for the welded tube, the heat transfer coefficient was re-plotted versus heat 
flux at three axial locations in Fig. 7a and the same thing was done in Fig. 7b for the seamless 
tube for the sake of comparison. Figure 7a shows that, the effect of heat flux depends on axial 
location for the welded tube. At the entry region, the heat transfer coefficient increased with 
heat flux up to q = 49.2 kW/m
2
 after which it constantly decreased with heat flux. At the exit, 
the heat transfer coefficient increased with heat flux up to q = 26.4 kW/m
2
 then it 
continuously decreased with increasing heat flux. At the middle of the tube, the heat transfer 
coefficient increased linearly with heat flux. On the contrary, Fig. 7b shows that the heat flux 
effect is almost similar at all locations in the seamless tube where it increases with heat flux.      
 
Figure 8 illustrates the effect of mass flux on the local heat transfer coefficient at q = 41 
kW/m
2
 for the welded tube (Fig. 8a) and for the seamless tube (Fig. 8b). Inspecting Fig. 8a, 
again the mass flux effect seems complex and difficult to deduce from the α-x plot, while the 
α-z plot shows a rather insignificant effect. The α-x and α-z plots of the seamless tube do not 
show any mass flux effect and all the lines merge into a single line. Figure 9 shows the local 
heat transfer coefficient plotted against mass flux at three axial locations for both tubes. 
Applying the conventional criterion for the controlling mechanism (the heat transfer 
coefficient depends on q but independent of x and G), it can be concluded from Fig. 6a, Fig. 
7b and Fig. 9b that heat transfer is dominated by the nucleate boiling mechanism in the 
seamless cold drawn tube where the heat transfer coefficient does not show any dependence 
on local vapour quality and mass flux while it increases with heat flux. On the other hand, the 
controlling mechanism in the welded tube is not clear. Examination of Fig. 5a, Fig. 7a and 
Fig. 9a shows some features of nucleate boiling in the mid section of the welded tube, i.e. the 
coefficient depends on heat flux and insignificantly depends on quality and mass flux. On the 
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other hand, the last section towards the exit demonstrates some features of convective 
boiling, i.e. the coefficient increases with vapour quality and mass flux with little dependence 
on heat flux.             
3.2 Boiling Curve 
Figure 10 compares the boiling curves of the welded and seamless tubes plotted at three axial 
locations with increasing heat flux in small increments. The first location represents the entry 
region while the second and third locations represent the middle and exit regions, 
respectively. In the entry region (Fig. 10a), the results of the two tubes agreed on the high 
wall superheat required for the onset of nucleate boiling, i.e. it reached 14.2K in the welded 
tube and 18K in the seamless tube. Also, the onset of nucleate boiling in the welded tube 
occurred at a relatively lower heat flux value of 9.4 kW/m
2
 compared to 12.9 kW/m
2
 in the 
seamless tube. It is interesting to note that, after boiling incipience the two curves merged 
together into one single line with the wall superheat decreasing with heat flux up to q ≈ 25 
kW/m
2
. After this heat flux value, the two curves separate and behave in a different way. At q 
= 25 kW/m
2
, the curve of the seamless cold drawn tube shows fully developed nucleate 
boiling and wall superheat increased by 2.85K when q was increased from 25 to 101 kW/m
2
. 
In the welded tube, the fully developed nucleate boiling established at q = 41 kW/m
2
 and wall 
superheat increased by 2.3K when q was increased from 41 to 98 kW/m
2
. At the mid location 
(Fig. 10b), the welded tube required 17.4K wall superheat for the onset of nucleate boiling 
which started normally in the seamless tube at a wall superheat of only 3.7K. In this mid 
location, after the onset of nucleate boiling, the two curves merged into one single curve with 
some small difference appearing after q = 70 kW/m
2
. At the location close to the exit (Fig. 
10c), the required wall superheat for the onset of nucleate boiling remained high at 17.4K for 
the welded tube while it reached only 3.2K for the seamless tube. Additionally, at the onset of 
nucleate boiling, the wall superheat dropped from 17.4K to 0.44K in the welded tube while it 
dropped from 3.2K to 1.89K in the seamless tube. After the onset of nucleate boiling, the two 
curves showed fully developed nucleate boiling with the wall superheat in the welded tube 
much lower than that in the seamless tube for a given heat flux. It may be concluded from 
these figures that, triggering fully developed nucleate boiling in the seamless tube required 
high wall superheat only in the entry region where nucleation stability may be influenced by 
the inlet sub-cooling while the welded tube required high wall superheat at all locations along 
the tube. It is worth noting that, Fig. 10d shows the flow patterns observed at boiling 
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incipience and onset of nucleate boiling in the two tubes. The difference between boiling 
incipience and onset of nucleate boiling in the present study is that at boiling incipience 
bubbles appeared in the observation section while the wall superheat is still high, i.e. 17.4K 
in the welded tube and 3.2K in the seamless tube. On the other hand, the onset of nucleate 
boiling was identified when the wall superheat dropped from its maximum to its minimum 
value. Pictures No. 1 and 3 illustrate the first bubbles that appeared in the observation section 
at boiling incipience for the seamless and welded tubes, respectively. In the seamless tube, 
the first bubbles appeared at a heat flux value of 5.3 kW/m
2
 as a mixture consisting of short 
vapour slugs and small bubbles that are smaller than the tube diameter with a neck similar to 
the nucleating bubble on the cavity mouth before departure. This behaviour in the seamless 
tube suggests the activation of a few nucleation sites close to the tube exit. By contrast, the 
first bubbles appeared in the welded tube at relatively higher heat flux compared to the 
seamless tube (q = 9.4 kW/m
2
) as a well-defined confined bubble/slug flow directly. It is 
worth noting that, these first bubbles appeared in both tubes while the wall temperature was 
still showing single phase trend. Pictures No. 2 and 4 show the flow patterns at the onset of 
fully developed nucleate boiling, i.e. wall superheat drops from maximum to minimum. The 
flow patterns at that condition were very similar in the two tubes, where long vapour slugs 
appeared with the presence of some tiny bubbles in the liquid slug between the consecutive 
vapour slugs.                          
4. DISCUSSION 
The above results show a clear difference in heat transfer behaviour between the seamless 
cold drawn tube and welded tube. Since the two investigated tubes are similar in dimensions, 
design and instrumentation, the difference in heat transfer results is believed to be caused by 
the difference in the inner surface characteristics as a result of the manufacturing process. As 
mentioned earlier, one of the problems in flow boiling experimental studies in micro-tubes is 
that the investigated tubes are usually ordered from suppliers without taking the 
manufacturing process into consideration. Until now, there is no documentation of the effect 
of manufacturing process on the inner surface of the tube, particularly when the size becomes 
very small. This may be due to the fact that most people validate their test sections only by 
single phase flow, which is not enough to extend for flow boiling studies. This paper 
confirms this point where the measured single phase friction factor in the welded tube agreed 
well with the conventional theory while peculiar behaviour was observed in flow boiling. For 
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this reason, a sample of each tube (cut from the length from which the test sections were 
designed) was chopped into two halves and the inner surface was inspected using the 
scanning electron microscope (SEM) as depicted in Fig. 11. As it is seen in Fig. 11a, the 
inner surface of the welded tube looks smooth with the existence of some fragments or debris 
on the surface. The smoothness of this surface may explain the high wall superheat that is 
required for the onset of nucleate boiling at all axial locations along the tube as presented 
above in Fig. 10. Figure 11 may also explain the small effect of heat flux on the local flow 
boiling heat transfer coefficient along a major section of the welded tube as presented in Fig. 
5. This may be attributed to the scarcity of active nucleation sites in this tube where heat flux 
will have an effect when the surface is rough and the boiling regime is nucleate boiling. 
Moreover, the shape of the observed fragments is not regular and nucleation process will 
depend on whether the debris forms a cavity-like shape or not. In other words, the heat 
transfer behaviour will depend on the shape and number of debris and also their local 
distribution along the heated section of the tube. By contrast, Fig. 11b depicts a completely 
different texture for the inner surface of the seamless cold drawn tube, which looks like as if 
it has random scratches or channels that seem uniformly distributed along the tube. It is 
interesting to note that Fig. 11 is consistent with the manufacturing process. It is known that 
welded tubes are usually manufactured by rolling a strip of stainless steel into the required 
diameter and applying a welding process on the same rolling machine. Accordingly, if the 
original metal sheet is already smooth, the inner surface of the formed tube may be similar to 
the one formed in Fig.11a. On the other hand, seamless tubes are usually manufactured by hot 
extrusion to form the hollow tube first followed by a number of cold drawn processes to 
reduce the diameter to the required size. In the production of thin seamless tubes, an inner 
support (floating plug) is usually used during the drawing process, which may create the 
longitudinal random scratches on the inner surface shown in Fig. 11b. Additionally, these 
random scratches together seem to form the sort of cavities that are required for the 
nucleation process.          
    
In addition to the above pictures of Fig. 11, Fig. 12 presents the trend of the measured wall 
temperature versus axial distance under single phase and boiling conditions which confirms 
the difference of the inner surface in the two tubes. Figure 12a shows, at very low Reynolds 
number and similar conditions, that the trend of the wall temperature in the two tubes is the 
same. With increasing Reynolds number, a sudden local drop in the wall temperature was 
observed in the two tubes but at two different locations (z = 0.1 for the welded tube and z = 
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0.065 for the seamless tube) see Fig. 12b. After this drop, the wall temperature increased 
linearly with axial distance. It is worth noting that the location of the temperature drop moved 
upstream when Reynolds number increased further until it disappeared in the fully developed 
turbulent flow regime. This behaviour might arise from the existence of local turbulence 
induced by the local debris in the welded tube and the local scratches in the seamless tube. 
Accordingly, possible local heat transfer enhancement at these locations results in this local 
temperature drop. Additionally, Fig. 12c depicts the wall temperature at similar heat flux for 
the two tubes under boiling conditions. It is clear that, the two tubes agreed on the middle 
section while a significant difference is observed in the first and last sections of the tubes.  
5. REPRODUCIBAILITY OF EXPERIMENTS    
The reproducibility of the experimental results is one of the issues that may be raised in flow 
boiling studies particularly when the diameter becomes very small. As the tube diameter 
decreases, the number of nucleation sites per unit length is expected to decrease which may 
be stable or not. Thus, it is very important to know whether there is any disparity in the 
measured local heat transfer coefficient from day to day. In the current study, the experiments 
were repeated at one selected experimental condition over a time period from two weeks to 
one month. Figure 13 depicts the reproducibility of the data in the welded and seamless tube 
at P = 8 bar and G = 300 kg/m
2
 s. The figure shows that the data of the seamless cold drawn 
tube are reasonably repeatable within the experimental uncertainty. In the welded tube, the 
reproducibility of the data was also fairly good with only some limited number of locations 
showing marked differences while the trend was identical.                    
6.  CONCLUSIONS 
In this paper, flow boiling heat transfer of R-134a was investigated using two stainless steel 
tubes of similar diameter and heated length but manufactured by two different methods in 
order to investigate the effect of the inner surface on heat transfer rates. The first tube was 
welded while the second was a seamless cold drawn tube. The experiments were conducted at 
G = 300 kg/m
2
 s, P = 8 bar and low inlet sub-cooling of 5K. It can be concluded that: 
1. The flow boiling characteristics in the welded tube were completely different 
from those in the seamless cold drawn tube. In the seamless tube, the heat transfer 
process was dominated by the nucleate boiling mechanism while the welded tube 
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does not show a clear dominant mechanism, i.e. it experienced some features of 
nucleate and convective boiling. However, there is some agreement on the 
behaviour along a short length at the mid location of both tubes. 
2. The manufacturing process significantly influences the inner surface of the micro-
tubes. This was confirmed by the SEM pictures and also the local heat transfer 
behaviour. This difference in surface characteristics may explain the peculiar heat 
transfer behaviour in the welded tube.  
3. Validating the inner surface of the manufactured micro-tubes by single phase flow 
only may not be enough for using these tubes for the design of micro-evaporators. 
In addition to single phase flow, the inner surface characteristics should be taken 
into consideration, i.e. at least clearly stated in the reports. 
4. Since the inner surface of the welded tube seems too smooth, the possibility of 
having sufficient number of nucleation sites of uniform distribution along the tube 
is very small. This may explain the fact that the heat transfer coefficient is not 
uniform along the welded tube, which would have been the case if a large number 
of nucleation sites resulted in nucleate boiling. On the contrary, the seamless cold 
drawn tubes offer a surface with a larger number of nucleation sites.  
 
We are currently investigating the effect of tube heated length on the local flow boiling heat 
transfer characteristics. This factor plus the surface characteristics may contribute in 
explaining the large disparities in the published heat transfer results in the open literature.    
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NOMENCLATURE 
A  Area, m
2
   Nu  Nusselt number = khD , dimensionless 
pc  Specific heat, J/kg K 
 P  Pressure, Pa 
D  Diameter, m  q   Heat flux, W/m2 
f  Fanning friction factor, dimensionless  LossQ  Thermal heat loss, W 
G  Mass flux, kg/m
2
 s  
vq  Volumetric heat generation, W/m
3
 
h  Specific enthalpy, J/kg  Re  Reynolds number = GD , dimensionless 
fgh
 Latent heat, J/kg  T  Temperature, K 
I  Current, A  V  Voltage, V 
k  Thermal conductivity, W/m K  x  Thermodynamic vapour quality, dimensionless 
L  Length, m  Z  Axial position, m  
m  Mass flow rate, kg/s    
 
 
Subscripts   
 
 Greek Symbols 
c  Cross section    
f  Fluid    Heat transfer coefficient, W/m2 K 
inf ,  Fluid inlet    Chang 
i  inner    Dynamic viscosity, Pa s 
in  Inlet    Density, kg/m3  
m  Measured    
o  Outer    
p  Pressure drop    
s  Surface    
sat  Saturation    
sub  Sub-cooled    
sp  Single phase    
tp  Two phase    
wi  Inner wall    
wo  Outer wall    
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Fig. 2 Schematic diagram for the test section with SS means stainless steel  
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Fig. 3 Steady state oscillations in (a) mass flow rate and (b) wall temperature for D = 1.1 mm 
and L = 150 mm at P = 6 bar and G = 300 kg/m
2
 s as a function of heat flux 
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(d)   
Fig. 4 Single phase validations of the investigated tubes in the laminar and turbulent regimes; 
(a) the friction factor in the welded tube, (b) the average heat transfer in the welded tube, (c) 
the friction factor in the seamless cold drawn tube, (d) the average heat transfer coefficient in 
the seamless cold drawn tube.    
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(b) 
Fig. 5 The effect of heat flux on the local heat transfer coefficient as a function of local vapour 
quality and distance at P = 8 bar and G ≈ 300 kg/m2 for the welded tube. 
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(b) 
Fig. 6 The effect of heat flux on the local heat transfer coefficient as a function of local vapour 
quality and axial distance at P = 8 bar and G ≈ 300 kg/m2 s for the seamless tube. 
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(b) 
Fig. 7 The heat transfer coefficient at three axial locations as a function of heat flux for: (a)  
the welded tube and (b) the seamless cold drawn tube.  
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(b) 
Fig. 8 The effect of mass flux on the local heat transfer coefficient at q ≈ 41 kW/m2 for (a) 
the welded tube and (b) the seamless tube. 
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(b) 
Fig 9 Effect of mass flux on the heat transfer coefficient at three axial locations for (a) the 
welded tube, (b) the seamless cold drawn tube. 
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(d) 
Fig. 10: The boiling curves plotted through increasing heat flux at thee axial locations for the 
welded and seamless tubes: (a) at location near from entry region, (b) at middle location, (c) 
at location near from exit, (d) pictures 1 and 3 show the first bubbles observed and pictures 2 
and 4 show the pattern at the onset of nucleate boiling    
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(a) 
 
(b) 
Fig. 11 SEM analysis for the inner surface of (a) welded tube of 1.16 mm diameter and (b) 
seamless cold drawn tube of 1.1 mm diameter. 
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(c) 
Fig. 12 The wall temperature trends versus axial distance for (a) single phase at low Reynolds 
number, (b) single phase flow in the transition region, (c) boiling flow.  
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(b) 
Figure 13 reproducibility of the experimental data for (a) the welded tube and (b) the 
seamless cold drawn tube at P = 8 bar and G = 300 kg/m
2
 s.    
 
